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ABSTRACT 

f 

The  introduction  of  high  velocity,  continuous  flow 
propulsion  systems  has  Intensified  the  search  for  me- 
thods of  flame  stabilization.   One  of  the  more  general- 
ly accepted  methods  of  accomplishing  stabilization  has 
been  by  the  use  of  a  small  obstruction  placed  In  the 
combustion  chamber,  known  as  a  flameholder. 

This  Investigation  studied  the  additional  stabil- 
izing effect  that  a  direct  current  electrical  field 
might  have  on  flame  stabilization  by  means  of  a  flame- 
holder.   The  Investigation  was  conducted  In  the  low 
range  of  fuel-air  ratios. 

It  was  found  that  the  direct  current  electrical 
field,  for  the  fuel-air  ratios  used.  Increased  the  blow* 
out  limit  of  the  flameholder,  the  maximum  fuel-air  mix- 
ture velocity  at  which  combustion  could  be  maintained 
at  the  flameholder,  by  a  maxlmiam  of  9^. 

This  Investigation  was  conducted  by  LT  H.E.  Van 
Ness,  USN,  In  the  Graduate  School  of  the  Mechanical 
Engineering  Department,  Rensselaer  Polytechnic  Insti- 
tute, Troy,  New  York,  from  February  to  June,  1950. 
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INTRODUCTION 

The  trend  in  any  type  of  propulsion  power  units 
is  almost  invariably  toward  the  development  of  a  more 
powerful  unit.  In  recent  years  the  advent  of  the  con- 
tinuous flow  combustion  types  of  propulsion  units  has 
introduced  many  new  and  challenging  problems.   Since 
these  machines,  with  few  exceptions,  are  essentially 
air  handling  machines,  the  constant  demand  for  more  and 
still  more  power  has  raised  the  problem  of  stabilizing 
a  flame  in  a  high  velocity  gas  stream. 

It  has  been  shown  that  a  flame  may  be  more  readily 
stabilized  in  a  rapidly  moving  air  stream  by  the  intro- 
duction into  the  airstream  of  an  obstruction  known  as 
a  flameholder.   Reference  1.   Considerable  study  has 
gone  into  the  development  of  flameholders  and  results 
have  generally  not  been  published  for  security  reasons. 

This  investigation  proposes  to  augment  the  stabili- 
zing property  of  the  flameholder  with  an  electrical 
field.  That  flames  have  many  interesting  electrical 
properties  is  well  known,  and  considerable  work  has 
been  done  in  investigations  by  many  scientists  over  a 
long  period  of  years.   These  studies  have  led  to  some 
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well-founded  conclusions,  but  there  has  also  been  con- 
siderable variance  of  other  results.  It  was  in  the 
study  of  flame  propagation  under  turbulent  flow  condi- 
tions that  it  was  noticed  that  there  was  a  large  increase 
in  the  blow-off  limits  of  B\msen  flames  under  the  in- 
fluence of  an  electrical  field.   Reference  2. 

This  investigation  will  concern  the  blow  out 
limits  of  lean  mixtures  of  an  electrically  stabilized 
flameholder. 

This  investigation  was  carried  out  by  the  author 
from  February  to  June,  1950,  in  the  graduate  division 
of  the  Department  of  Mechanical  Engineering,  Rensselaer 
Polytechnic  Institute,  Troy,  N.  Y, 
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THEORY 

A  flame  is  visible  evidence  of  a  chemical  reaction 
that  has  Interested  man  for  centuries.  It  has  only  been 
In  the  last  sixty  years  that  scientific  methods  have 
been  sufficiently  accurate  to  warrant  confidence  In  ex- 
perimental results.  In  spite  of  the  tremendous  advances 
made  since  then  some  of  the  fundamental  occurrences  In 
flames  are  not  clearly  understood.   One  of  these  zones 
of  Incomplete  knowledge  concerns  the  subject  of  Ions 
In  flames.   Conclusions  reached  by  the  most  respected 
Investigators  vary  widely.  In  some  cases  as  much  as 
one  thousand  percent.   This  Is  due  principally  to  the 
Inherent  difficulty  of  the  problem. 

As  this  thesis  Is  based  upon  Ion  properties,  the 
lack  of  confirmation  of  most  of  the  fundamental  numeri- 
cal values  of  Ions  In  flames  and  the  complexity  of  the 
problem  makes  a  numerical  theoretical  development  diffi- 
cult.  Therefore  no  time  will  be  wasted  in  a  numerical 
theoretical  development,  the  results  of  which  would  be 
In  question.   However,  a  short  discussion  of  the  theory 
underlying  this  investigation  is  necessary  if  it  is  to 
be  understood. 

In  order  to  clarify  the  discussion  that  follows  It 
will  be  v/ell  to  define  several  terms  that  will  be  used. 
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!•   Flame-  gas  rendered  luminous  by  heating  or  by  the 
liberation  of  chemical  energy, 

2,  Flame  front  -  boundary  surface  between  the  luminous 

region  and  the  dark  region  of  unburned  gas, 

3,  Reaction  zone  -  A  region  of  inhomogeneity  adjacent 

to  the  flame  front  in  which  homogeneous  un- 
burned charge  is  transformed  into  combustion 
products  in  chemical  equilibrium, 

4,  Spacial  velocity  -  the  velocity  at  which  a  flame 

front  moves  in  a  direction  normal  to  its 
surface  relative  to  a  fixed  point, 

5,  Transformation  velocity,  V^  -  the  velocity  at  which 

the  flame  front  advances  into  and  transforms 
the  unburned  charge  in  a  direction  normal  to 
its  surface, 

6,  Gas  velocity,  ¥„  -  the  velocity  at  which  the  unburned 

gas  moves  in  space  normal  to  the  flame  front. 

7,  Mixture  velocity,  V^  -  the  velocity  at  which  the 

unburned  gases  move  in  space. 
Consider  a  flow  of  premixed  fuel  and  air  down  a 
tube  to  a  region  where  the  combustion  reaction  is  to 
take  place.   It  is  necessary  that  the  temperature  of 
the  unburned  mixtiire  be  raised  to  its  ignition  tempera- 
ture before  the  combustion  reaction  can  tsike  place. 
After  ignition  by  the  introduction  of  heat  from  an  outside 
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source,  as  a  spark,  this  temperature  rise  in  the  gas 
mixture  adjacent  to  the  reaction  zone  is  the  result 
of  heat  of  combustion  being  released  in  the  reaction 
zone.   The  initial  reaction  results  in  the  formation  of 
a  variety  of  combustion  products.  Among  these  are  pro- 
ducts known  as  chain  carriers  and  chain  breakers,  A 
chain  carrier  is  a  combustion  product  that  reacts  v;ith 
substances  in  the  immediate  area  to  continue  the  reac- 
tion,  A  chain  breaker  is  a  reaction  product  that  does 
not  react  after  being  formed.   Surfaces  also  serve  as 
chain  breakers  by  reacting  with  chain  carriers.   The 
relative  numbers  of  chain  breakers  and  chain  carriers 
determine  the  speed  at  which  a  reaction  will  proceed. 
For  example,  explosive  reactions  contain  a  great  pre- 
ponderance of  chain  carriers. 

Plameholders  became  necessary  in  high  velocity 
constant  flow  combustion  chambers  because  of  the  relative- 
ly low  velocity  of  flame  transformation.   The  region  im- 
mediately downstream  from  the  flameholder  is  a  region  of 
relatively  slow  moving  turbulent  gas.   Thus,  it  serves 
as  an  excellent  flame  anchor.   Just  how  far  the  flame 
front  advances  from  this  region  of  slow  moving  gases  de- 
pends principally  upon  the  velocity  of  the  unburned 
gases  approaching  the  flame  front.  If  the  transformation 


velocity  is  less  than  the  gas  velocity,  the  flame  front 
will  reach  an  equilibrium  position  as  shown  in  Pig.  1, 

From  Pig.  1  it  can  be  seen  that 
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Thus  it  can  be  seen  that  the  larger  the  value  of 
V-Q  the  smaller  the  value  of  ©. 

This  will  cause  the  flame  area  behind  the  flame - 
holder  to  become  quite  small.   In  actual  practice  (see 
Photographs  1  and  2)  the  boundaries  of  the  flame,  though 
not  clearly  defined,  seem  to  parallel  the  sides  of  the 
flameholder  for  a  considerable  distance  dovmstream  from 
the  flameholder.   It  is  necessary  that  the  combustion 
reaction  be  continued  in  this  region  as  in  all  other 
regions.   The  velocity  of  the  unburned  gas  is  greater 


than  the  transformation  velocity  so  that  without  the 
anchored  portion  of  the  reaction  zone  behind  the  flaine- 
holder  the  entire  reaction  would  be  swept  away  and  ex- 
tinguished by  dilution  of  the  fuel  air  mixture  by  air 
and/or  reduction  of  temperature  by  excess  air. 

Thus  it  can  be  seen  that  the  combustion  reaction 
must  be  kept  in  operation  immediately  downstream  from 
the  flameholder  or  the  reaction  will  come  to  an  end. 
The  difficulty  of  this  is  further  Increased  by  three 
conditions:  (1)  the  heat  produced  by  this  portion  of 
the  reaction  is  being  carried  away  by  the  large  volume 
of  cool  unburned  gases  passing  essentially  parallel  to 
the  flame  front;  (2)  the  flameholder  surface  at  the 
upstream  end  of  this  anchored  reaction  zone  is  carrying 
av/ay  further  heat  by  conduction;  (3)  the  combustion 
reaction  is  being  brought  to  a  halt  at  the  f lajneholder 
surface  as  the  metal  surface  acts  as  a  chain  breaker. 

Since  these  three  effects  are  tending  to  bring 
the  combustion  reaction  to  an  end,  it  would  seem  that 
one  method  of  keeping  the  reaction  moving  forward  would 
be  to  transport  reacting  material  from  the  downstream 
portion  of  the  reaction  zone  into  this  flame  anchor 
zone.   This  reacting  material  would  replace  the  heat 
and  chain  carriers  being  removed  from  the  flame  anchor 
zone  by  the  cold  unburned  gas  and  the  flameholder. 
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It  was  reported  in  reference  3  and  4  that  Intense 
ionization  is  taking  place  in  the  reaction  zone  with 
positive  ions  and  free  electrons  being  produced.  The 
exact  mechanism  that  produces  these  ions  has  never  been 
fully  understood.   Recent  studies  have  lead  to  the 
belief  that  the  ions  are  produced  by  chemical  effects  in 
the  reaction  zone.  Reference  5, 

If  sufficient  energy  could  be  given  to  the  ions, 
it  is  possible  that  by  means  of  collisions  between  the 
ions  and  reacting  gas  molecules,  the  gas  molecules  could 
be  forced  farther  up  into  the  flame  anchor  zone  immediate- 
ly downstream  from  the  flameholder  and  aroiind  the  flame- 
holder  tip.   This  would  increase  the  supply  of  heat 
energy  and  chain  carriers  that  are  constantly  being  lost 
to  the  flameholder  and  the  surrounding  rapidly  moving 
gas  stream.   Thus,  the  mixture  velocity  could  be  further 
increased  before  the  flame  would  blow  out. 

It  is  proposed  to  impart  energy  to  the  ions  by 
means  of  a  d,c,  field.   The  ions  will  receive  this 
energy  over  their  mean  free  path  and  upon  collision  with 
molecules  of  the  gas  mixture  transfer  this  energy  to  all 
the  molecules  of  the  gas  mixture.   Only  the  positive 
ions  will  be  considered  since  the  small  mass  of  the 
electrons  will  make  them  ineffective  in  transferring 
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energy  "by  collision.  References  2  and  5,  The  effect  of 
the  field,  therefore,  will  be  to  give  the  ions  and  sub- 
sequently the  molecules  in  the  flame  reaction  zone  a 
momentum  in  the  direction  of  the  electric  field. 
Consider  a  single  positive  ion. 
Energy  =  Force  x  distance 

a  X  e  X        ergs  (1) 

where 

X  »  Field  strength  =  stat  volts/cm 
e  =  electronic  charge  on  positive  ion 

in  statcoulombs 
X  2  mean  free  path  of  ion  in  cm 
Equation  (1)  represents  the  total  energy  given  by 
the  field  to  a  single  ion  traveling  its  mean  free  path. 

Then  the  total  energy  given  by  the  field  to  the 
flame  is 

Energy  total  =  X  e  A  NV 
where 

N  =  number  of  ions  per  cc  of  flames 
V  =  volume  of  flame  exposed  to  field 
This  energy  absorbed  may  be  kinetic  energy  of 
translation  or  other  types,  such  as  vibrational.   It 
will  be  assumed  that  all  of  the  energy  absorbed  from 
the  electrical  field  is  kinetic  energy  of  translation. 
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Then  the  energy  absorbed  per  second  Is: 
Energy  /  time  between  collisions 
In  reference  6  it  is  shown  that  the  time  between 
collisions  may  be  expressed  as 

where 

m  =  mass  of  positive  ion 

then 

Total  Energy  ^  X  e  An  V  ^^j 

second         P   mX  1'/t 
[2   X  ej 


2^  X^*  e'*^  X^  N  V 


(5) 


El*'*' 

Yarnold  found,  reference  6,  that  the  drift  velocity, 
the  velocity  of  the  ions  in  the  direction  of  the  electric 
field,  was  of  the  same  order  as  the  total  velocity  of 

the  ions.   It  may  be  expressed  as: 

r  X  e  X   V^ 

W  =  drift  velocity  =  1.1  -^^ — ^ —        (6) 

Therefore 

If  ''» 

V'l-  W    m  (rf\ 

A    -   -1.1  X^  eVW  ^^^ 

then  substituting   (7)    in   (5) 

total   enerpj      «  ^      q^  x  e  V/  IW  (8) 

second 
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Also  drift  velocity  may  be  expressed  as 

W  =  k  X  (9) 

where 

k  =  Ion  mobility  =  cm/sec/volt/cm 

so  substituting  (9)  In  (8) 

total  enerpj  ^       ^2^^^  ^Oj 

second 

Therefore,  to  Increase  the  effect  of  the  electri- 
cal field  on  flame  stability.  It  would  seem  that  It  would 
be  beneficial  to  do  the  following: 

1,  Increase  the  field  strength, 

2,  So  place  the  electrical  field  that  the  maximum 
portion  of  the  positive  Ions  are  exposed  to  the 
field. 

3,  Increase  the  number  of  positive  Ions. 
Items  1  and  2  were  used  In  this  Investigation. 

Item  3  was  not  used  due  to  lack  of  time,  but  a  method 
and  apparatus  sketch  are  included  In  the  Recommendations. 
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APPARATUS 

The  equipment  used  in  this  investigation  consisted 
of  a  centrifugal  blower,  delivering  a  constant  air  sup- 
ply, a  fuel  supply  of  commercial  heating  gas,  a  mixing 
system,  a  combustion  system  of  pipe  and  flameholder  and 
a  source  of  electrical  energy.   In  addition,  there  were 
manometers,  pressure  gages  and  thermometers  to  measure 
the  properties  of  the  fluids  at  various  stations.   See 
Pig.  2. 

The  individual  parts  of  the  apparatus  will  now  be 
described  in  more  detail, 

AIR  SYSTEM 

The  air  was  supplied  by  a  centrifugal  blower 
which  operated  at  approximately  thirty-five  hundred 
revolutions  per  minute.   The  air  was  delivered  at  a 
pressure  of  26.2  *  ,2  Inches  of  water  gage  and  remained 
at  this  value  regardless  of  the  amount  of  air  used. 
This  was  of  considerable  value  as  it  simplified  the  pro- 
cedure used  in  the  investigation. 

A  photograph  of  the  blower  is  shovm  in  Photograph  3. 
AIR  ftffiTERING  SYSTEM 

The  amount  of  air  used  was  measured  by  means  of  a 
sharp  edged  orifice  1.12  Inches  in  diameter.   This  orifice 
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was  installed  In  a  three  inch  brass  pipe  leading  from 
the  centrifugal  "blower.   Taps  to  read  static  pressure 
and  differential  pressure  across  the  orifice  were  instal- 
led according  to  American  Society  of  Mechanical  Engineers* 
Specifications.   Values  of  differential  pressure  and 
static  pressure  were  read  from  water  manometers.   The 
temperature  of  the  air  was  measured  by  a  thermometer 
installed  16  inches  downstream  from  the  orifice. 

AIR  COOTROL  SYSTEM 

The  amount  of  air  used  was  controlled  by  a  three 
inch  gate  valve  installed  24  inches  downstream  from  the 
sharp  edged  orifice. 

This  valve  was  of  such  construction  that  it  gave 
minute  control  over  the  air  passing  through  it.   For 
example,  it  required  10  complete  turns  to  move  the  valve 
gate  from  full  closed  to  full  open. 

A  photograph  of  the  control  valve  is  shown  in 
Photograph  4. 

FUEL  SUPPLY 

Fuel  was  supplied  by  a  tank  of  commercial  liqui- 
fied fuel  with  the  trade-name  of  Pyrofax.  This  fuel  is 
80Jw  propane  {C^   Ho)  and  has  the  following  properties: 
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BTU/pound  21500 

Specific  Gravity  (Air  »  1)   1.56 

Boiling  Point  -44°P 

Critical  pressure  66.1  lbs/in 

Ratio  of  specific  heats     1.153 

Vapor  pressure  at  72°F        132  lbs/in^ 

This  fuel  supply  was  satisfactory  in  that  it  was 
easily  controlled  and  readily  available.   However,  it 
complicated  procedure  in  that  it  did  not  maintain  a 
constant  pressure  at  the  high  rates  of  fuel  flow  used. 
This  was  accomplished  by  applying  heat  to  the  tank  by 
a  blowtorch  as  necessary. 

A  photograph  of  the  system  is  shown  as  Photograph  5, 
FUEL  METERING  SYSTEM 

An  orifice  of  diameter  .11  inches  was  constructed 
and  installed  in  a  section  of  pipe.   Flange  tapes  in- 
stalled according  to  American  Society  of  Mechanical 
Engineers*  Specifications,  were  located  so  as  to  measure 
differential  pressure  across  the  orifice  and  static 
pressure  of  the  fluid  stream. 

The  method  used  to  calibrate  the  orifice  is  de- 
scribed in  the  appendix. 
flow  was 

Fuel  /  maintained  at  a  high  pressure  (110  lbs/in^) 

which  eliminated  any  error  which  would  have  been  caused 
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by  the  pressure  of  the  air  with  which  it  was  mixed 
if  the  fuel  was  ttirottled  to  a  low  pressure.   The  fuel 
was  led  to  the  mixing  chamber  by  a  high  pressure  rubber 
hose. 

The  differential  pressure  across  the  orifice  was 
measured  by  a  water  manometer  connected  by  copper  tubing. 
Tank  pressure  and  gas  static  pressure  downstresim  from 
the  orifice  were  measured  by  direct  reading  gages  con- 
nected by  copper  tubing.   This  system  is  shown  in  Photo- 
graph 5, 

MIXING  SYSTEM 

Fuel  and  air  were  mixed  in  a  mixing  chamber  con- 
structed from  a  pipe  "Tee"  fitting  with  one  connection 
of  the  "Tee"  fitting  plugged.   The  shape  of  the  chamber 
plus  the  ninety  degree  turn  which  the  air  had  to  make 
gave  the  air  a  degree  of  turbulence.   Fuel  was  injected 
radially  from  a  3/8  inch  diameter  pipe  through  twelve 
♦07  inch  diameter  holes.   The  end  of  this  pipe  was  plugged. 

A  sketch  of  the  mixing  chamber  is  shown  as  Pig, 
3,   Also  see  Photograph  4, 

COMBUSTION  TUBE  AlTD  PLAMEHOLDER 

The  combustion  tube  consisted  of  a  1.5"  diameter 
iron  pipe.   The  purpose  of  the  tube  was  to  contain  and 
direct  the  fuel-air  mixture  to  the  flaraeholder. 
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The  flameholder  consisted  of  a  hollow  fiber  tube 
.5"  in  diameter  tipped  by  a  3  inch  plug  of  brass  to  which 
the  flame  impinged.   An  insulated  wire  ran  up  the  hollow 
fiber  tube  and  was  connected  to  the  brass  flameholder 
tip  by  an  Allen  screw. 

The  flameholder  was  centered  in  the  combustion 
tube  by  two  sets  of  three  centering  screws  tapped  through 
the  combustion  tube  wall.  The  flameholder  projected 
•5"  from  the  combustion  tube.   The  insulated  electric 
wire  was  also  led  through  a  gas  tight  gland  in  the  com- 
bustion tube.   The  wire  and  centering  screws  aided  in 
the  mixing  of  the-  fuel-air  mixture.   A  thermometer  was 
inserted  in  the  combustion  tube  8.5"  from  the  downstream 
end  to  measure  mixture  temperature. 

A  sketch  of  the  cross-section  of  the  flameholder 
and  combustion  tube  is  shown  in  Pig.  4.   See  also 
Photograph  6, 

A  sketch  of  the  three  configurations  of  anode  and 
cathode  used  in  this  investigation  are  shown  in  Pigs. 
5,  6  and  7. 

ELECTRICAL  SYSTSI'^ 

The  electrical  system  used  consisted  of  a  high 
supply 
voltage,  low  amperage/ produced  by  filament  rectifiers 

and  transformers  from  a  110  volt  a.c,  source.   A  wiring 

diagram  is  shown  as  Pig.  8. 
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A  variable  direct  current  voltage  of  from  0  to 
17000  volts  could  be  obtained  v/ith  this  system,   A  photo- 
graph of  the  electrical  apparatus  is  shovm  as  Photograph 
7. 

The  positive  lead  from  this  machine  was  connected 
to  the  ring  or  round  end  rod  anode.   T':e  negative  lead 
was  connected  to  the  metal  tipped  flameholder  and, in 
one  arrangement , to  the  flameholder  and  the  combustion 
tube. 

The  three  electrical  connections  and  anode-cathode 
configurations  used  are  sketched  in  Pigs.  5,  6  and  7, 

The  first  configuration  used  consisted  of  a  6" 
diameter  ring  as  anode  and  a  square  end  flameholder  tip 
as  cathode.   The  ring  anode  had  a  rectangular  cross- 
section,   Se  Pig.  5  and  Photographs  8  and  9, 

The  second  arrangement  used  v/as  a  3  inch  diameter 
ring  anode  and  a  rounded  tip  flameholder  cathode.   The 
anode  had  all  sharp  edges  removed  v/ith  file  and  emory 
paper.   See  Pig.  6  and  Photographs  10  and  11, 

The  third  configuration  was  a  round  end  nod  anode 
and  two  cathodes.   One  cathode  was  the  round  end  flame- 
holder tip  and  the  other  the  combustion  tube  with  the 
edges  rounded.   See  Fig.  7, 
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PROCEDURE 

This  investigation  was  limited  to  very  lean  mix- 
tures due  to  limitations  of  time  and  fuel  supply.   The 
fuel  supply  was  such  that  high  values  of  weight  flow 
could  not  easily  be  maintained  for  any  reasonable  period 
of  tirae« 

Previous  investigations  with  flameholders  included 
a  study  of  the  blow  off  limit.   This  is  defined  as  the 
maximum  fuel-air  flow  at  which  some  flsone  will  impinge 
upon  the  sides  of  the  flameholder.   No  study  of  the 
blow  off  limit  was  made  in  this  investigation  as  the 
upstream  portion  of  the  flameholder  was  constructed  of 
heat  sensitive  fiberboard  for  insulation  purposes..  In 
studies  of  the  blow  off  limit  comparatively  low  values 
of  mixture  flow  rates  are  used.   If  too  lov/  a  value  were 
used  a  bad  flash-back  might  cause  the  flame  to  move 
into  the  combustion  tube  with  resulting  destruction  of 
the  upstream  portion  of  the  flameholder. 

This  investigation  was  therefore  limited  to  a 
study  of  the  blowout  limit.   The  blowout  limit  may  be 
defined  as  the  fuel  air  mixture  rate  of  flow  at  which 
the  flame  is  blown  away  from  the  tip  of  the  flameholder 
and  is  so  extinguished. 
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It  was  desired  to  make  each  run  at  a  certain  fuel- 
air  ratio.   To  do  this  it  was  necessary  to  construct 
Pig.  Al  which  gives  the  corresponding  pressures  to 
maintain  across  the  fuel  orifice  and  the  air  orifice  to 
have  the  desired  fuel-air  ratio. 

Pig.  Al  was  plotted  from  data  in  Table  AIV.   This 
data  was  computed  by  selecting  a  fuel-air  ratio,  say  .04, 
assuming  a  value  of  fuel  flow  in  lbs/sec,  and  computing 
the  air  weight  flow.   Then  knowing  the  fuel  and  air  weight 
flows,  one  can  read  the  orifice  differential  presaures 
necessary  to  produce  them  from  Pigs.  A2  and  A3. 

For  each  run  the  following  procedure  was  used.  A 
low  weight  flow  of  air  would  be  set  and  increasing 
sunounts  of  gas  would  be  introduced  into  the  air  stream 
until  the  mixture  could  be  lighted  v;ith  a  candle  held 
at  the  flameholder.  A  fuel  air  ratio  of  either  .04, 
.045,  or  .05  would  be  selected.   The  desired  voltage 
would  be  s-^t  on  the  electrical  apparatus.   Then  by  the 
use  of  Pig.  Al  the  air  and  fuel  orifice  differential 
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pressures  would  be  increased  simultaneously  by  means  of 
their  respective  control  valves  so  that  the  same  fuel- 
air  ratio  was  maintained.   Puel  and  air  flow,  always  in 
the  same  ratio,  were  increased  until  the  flame  blew  out. 

Throughout  the  run  the  fuel  tank  pressure  was  main- 
tained at  110  lbs/in^  Gage  by  applying  heat.   Air  static 
pressure  would  maintain  itself  quite  constant  at  26.5 
in.  H2O  gage.   The  air  temperature  would  increase  slight- 
ly during  a  run  due  to  the  v/ork  done  on  it  by  the  blower 
and  the  heat  energy  released  by  the  flame  in  the  room, 
but  for  one  run  it  could  be  considered  constant.  The  air 
temperature  between  measured  runs  could  be  varied  by 
opening  or  closing  doors  of  the  room  or  by  running 
the  apparatus  to  increase  the  room  temperature. 

No  measure  was  made  of  gas  temperature.   It  was 
believed  that  the  low  fuel-air  ratios  used  would  result 
in  such  comparatively  small  amounts  of  fuel  being  used 
that  the  temperature  of  the  fuel  would  have  a  negligible 
effect  upon  the  temperature  of  the  air.   To  check  this 
assumption  a  thermometer  was  placed  in  the  combustion 
tube  8.5  inches  from  the  end.   It  was  found  that  this 
thermometer,  which  read  mixture  temperature,  would 
indicate  a  mixture  temperature  of  approximately  two 
degrees  below  the  air  temperature.   It  was  assumed  that 
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radiation  from  the  flame  and  hot  parts  of  the  flameholder 
would  increase  the  mixture  temperature  another  two  degrees 
as  it  passed  from  the  mixture  thermometer  to  the  combus- 
tion tube  mouth.   Therefore,  the  mixture  was  assumed  to 
be  at  the  same  temperature  as  the  air. 

The  principle  difficulties  encountered  were: 

(1)  Maintaining  the  fuel  pressure  at  110  lbs/in^ 
gage. 

(2)  Maintaining  the  air  temperature  at  110°  P. 
Limitations  encountered  included: 

(1)  Voltage  limitations  due  to  arcing  between  the 
cathode  and  anode, 

(2)  Fuel  flov/  limitations  due  to  equipment, 

(3)  V/orklng  time  limitations  due  to  the  nausea 
resulting  from  combustion  products. 
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RESULTS 

The  effect  of  the  electrical  field  upon  the  flame 
and,  more  particularly,  the  blow  out  liralt  of  the  flame, 
was  not  as  pronounced  as  had  been  hoped  for.   This  is 
believed  to  be  due,  in  part  at  least,  to  the  lean  ftiel- 
air  ratios  used  and  the  geometrical  shape  and  arrange- 
ment of  the  flameholder,   A  recommendation  for  an  im- 
proved flameholder  arrangement  will  be  made  in  a  subse- 
quent section. 

The  following  general  statements  can  be  made: 

(1)  The  strength  of  the  electrical  field  was 
limited  by  arcing.   At  voltages  slightly  less 
than  that  at  which  arcing  occurred,  corona 
could  be  observed  from  either  or  both  electrodes. 

(2)  There  was  no  noticeable  effect  upon  the  blow 
out  limit  resulting  from  small  changes  in  the 
amount  of  flameholder  that  protruded  from  the 
combustion  tube. 

(3)  Small  variations  in  the  distance  between  the 
cathode  and  the  anode  resulted  in  no  change  in 
the  blow  out  limit. 

In  order  to  have  a  basis  of  comparison  it  was  de- 
cided to  have  the  flameholder  tip  protrude  .5  inch  from 
the  mouth  of  the  combustion  tube.   The  plane  of  the  anode 
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v/as  placed  three  inches  from  the  tip  of  the  f lameholder. 

The  first  anode-cathode  configuration  used  was  a 
6  inch  diameter  ring  anode  and  a  squared  end  roiind  cathode 
f lameholder.   All  sharp  edges  v/ere  slightly  rounded.   See 
Pig.  5.   This  arrangement  produced  no  effect  on  the 
flame  or  blow  out  limit  for  fuel-air  ratios  of  .04,  .045 
or  .05  for  voltages  of  from  0  -  15000  volts,  d.  c. 

Data  obtained  in  these  runs  is  tabulated  in  Table 
I  and  plotted  in  Fig.  8 

Blow  out  values,  which  remained  essentially  con- 
stant, through  the  range  of  electrical  field  strengths 
were : 

For  fuel-air  ratio  of  .04,  blow  out  velocity 
equalled  approximately  25.3  ft/sec. 

For  fuel-air  ratio  of  .045,  blow  out  velocity 
equalled  approximately  40.6  ft/sec. 

For  fuel-air  ratio  of  .05,  blov;  out  velocity 
equalled  approximately  65  ft/sec. 

It  v/as  then  decided  to  decrease  the  size  of  the 
ring  anode  and  round  the  tip  of  the  f lameholder.   The 
edges  of  the  ring  anode  and  the  flaraeholder  tip  were 
rounded  to  decrease  the  likelihood  of  corona  and  subse- 
quent arcing.   The  plane  of  the  anode  v;as  located  three 
inches  from  the  tip  of  the  cathode  (f lameholder)  as  before. 
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This,  of  course,  resulted  in  the  cathode  and  anode  "being 
a  shorter  distance  apart  than  in  the  first  configuration, 
(See  Pig.  6),   It  was  found  that  the  two  changes  in  con- 
figuration apparently  compensated  each  other  so   that 
corona  discharge  and  arcing  occurred  at  approximately  the 
same  voltage  values  as  in  the  first  configuration. 

Blow  out  limits  were  decreased  slightly  from  the 
first  configuration  when  no  field  was  applied.   This 
was  believed  due  to  the  shape  of  the  flaiaeholder  tip. 
As  shown  in  reference  1,  a  round  flameholder  tip  has 
a  lower  blow  out  limit  than  a  square  or  concave  tip. 

Blow  out  occurred  at  25.1  ft/sec  for  a  fuel-air 
ratio  of  .04  with  no  field  applied  and  held  this  con- 
stant value  to  a  field  strength  of  12000  volts, 

V/hen  a  fuel-air  ratio  of  .045  was  used,  the  no- 
field  blow  off  limit  was  33.9  ft/sec.   Again  no  change 
was  observed  in  the  blow  out  limit  for  field  strengths 
that  were  increased  up  to  12000  volts.   As  before,  the 
field  strength  was  limited  by  arcing. 

An  Increase  of  fuel-air  ratio  to  .05  increased 
the  no-field  blow  off  limit  to  61.1  ft/sec.   Increasing 
the  field  strength  to  12000  volts  resulted  in  an  increase 
of  blow  out  limit  of  approximately  4  ft/sec  or  6.25/o, 
V/hile  this  result  was  small  it  was  encouraging  in  that  it 
was  the  first  indication  of  an  effect  of  the  electric  field, 
See  Table  II  and  Pig.  9. 
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It  was  decided  that  although  the  effect  obtained 
above  was  snail  It  was  a  step  in  the  right  direction. 
The  ring  diameter  was  effectively  decreased  to  zero  or 
the  anode  constructed  of  a  3/8"  diameter  steel  rod  bent 
and  located  as  in  Pig.  7.   In  this  case  a  double  cathode 
was  used  --  the  flameholder  and  the  combustion  tube. 

The  rod  was  placed  in  the  center  of  the  flacie 
that  streamed  from  the  flameholder.   The  horizontal  dis- 
tance between  the  flameholder  and  anode  was  3  inches. 

The  results  from  this  configuration  were  encourag- 
ing but  limited  by  arcing  at  lower  voltages  than  before. 
See  Table  III  and  Pig.  10. 

Vilith  a  fuel-air  ratio  of  .04,  the  no-field  blow 
out  value  was  25.5  ft/sec.   The  field  was  increased  to 
the  maximum  allowable  value  (limit  due  to  arcing)  of  6000 
volts,  d.  c,  with  a  resulting  increased  value  of  blow 
out  limit  of  1.9  ft/sec  or  7.45^. 

With  a  fuel-air  ratio  of  .045,  the  blow  out  limit 
with  no  field  was  39  ft/sec.  V/ith  an  arc-limited  field 
of  6000  volts,  d.c,  the  blow  out  limit  was  increased  to 
42.5  ft/sec,  an  increase  of  9^. 

When  the  fuel-air  ratio  was  increased  to  .05,  the 
no-field  blow  out  limit  was  61.7  ft/sec.   With  this  fuel- 
siir  ratio,  arcing  occurred  at  voltages  greater  than  5000 
volts,  d.c.   With  this  field  the  blow  off  limit  was  67.1 
ft/sec,  an  increase  of  8.75/o. 
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CONCLUSIOIIS  Airo  RECOMIffillDATIONS 

The  results  of  this  investigation  show  that  the 
effects  of  an  electric  field  on  a  flame  and  simplified 
flameholder  arrangement  are  increased  best  "by: 

(1)  Increasing  the  fuel/air  ratio. 

(2)  Increasing  the  field  strength, 

(5)  So  placing  the  electrodes  of  the  field  that 

the  effect  of  the  field  is  to  "pish"  the  flame 
into  the  fuel  supply. 

For  a  lean  mixture,  the  effect  of  the  electrical 
field  on  the  flameholder  flame  arrangement  is  too  small 
to  be  of  commercial  value  in  view  of  the  cost,  size,  weight 
and  complexity  of  the  apparatus. 

However,  it  is  believed  that  further  investigations 
might  profitably  be  made  with  rich  mixtures  and  anode- 
cathode  arrangements  as  shov/n  in  Pig.  11. 

It  is  therefore  recommended  that  the  investigation 
be  made  on  stabilization  by  an  electrical  field  with  the 
ion  concentration  of  the  flame  increased  by  the  introduc- 
tion of  salts  by  means  of  a  solution  spray  into  the 
fuel -air  mixture.   See  Fig.  12. 
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SAMPLE  CALCULATIONS 

Observed  values: 

Gas  pressure  =  111  lbs/in^ 

Air  temperature  =  lOO^F 

Air  pressure  =  27,0  inches  H2O 

Barometer  s  30.13  in.  Hg.  =  2130  lbs/ft^ 

Air  differential  pressure  =  1.2  inches  H2O 

Gas  differential  pressure  =  .75  inches  H2O 

then 

''air  =  -Tt^  »  -O^O^^  I  ~ 560 


=   lbs   ,  r^-tnc,-,      \     (2150  +  27x5.2)  (1.2)  "^'^^ 


=  .01061 


=  .01061 

=  .01061x2.21 

=  .0235  lbs/sec 


r    2270x1.2  1'^''' 
[        560  I 

[4.87f 


and 


^air  = 

ft^     lbs  ^ 
sec  "     sec 

ft^ 
lbs 

w 

^air  = 

wRT 
P 

= 

.6235x53.3x560 
2130 

s 

.33  ftVsec 
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w    =  ,001  lbs/sec    (read  from  curve  A3) 

4gas        p 

_      .001x55x560 
2150 

=    .0092  ftVsec 
then 

*ltotal   *   ^air  -^    ^gas 
=    .33  +    .0092 

■    .3392 

and 

*  u        -i*4--*4./  -     ft  /aec  ^total 

exit  velocity  =  ft/sec   =  -72 =  1 

ft         " 

Area  =  Area  tube  -  Area  flameholder 

-  "^  D  t     "^dV 

4         4 


^ 

u 

(1,61)2 

144 

.25 

4 

144 

= 

4x144   L^'^^^  " 

.25 

IT  X2.342 

^ 

4x144 

s 

.0127  f 

t2 

so 


"^392 
exit  velocity  =   'gj^gy  =  26.7  ft/sec 

r./     -  wt.  fuel      .001   _   p..^^ 
^/^  -  wt.  air   =   .0255  "  '^^^^ 


APPENDIX 


AIR  PLOW  CAUBRATION 


«  =  4I^  =  •099'' 


0  »M  .  [   .J-^ 


Prom  reference  7  the  follo?rlng  formula  was  obtained; 

"  e  pg 

where : 

C  =  coefficient  of  discharge 
D2  =  diameter  of  orifice  in  inches 
ft  =  diameter  of  orifice/diameter  of  pipe 
P  «  density  in  lbs/ft^ 

hw  '   differential  pressure  across  orifice  in 
inches  of  water 
Coefficient  of  discharge,  C  ,  is  a  function  of 
Reynolds  number,  pipe  diameter  and  orifice  diameter, 

O -,^_   .T..„-U„^   -     ^Vl 


liO^XItJXV, 

xa 

*  /^ 

_         P                VI 

SRT              a. 

where : 

P 

r 

pressure   in  lbs/ft 

a 

2116    ^  26.5  X   5.204 

- 

2116    +■  138 

s 

2254   lbs/ft^ 

g 

= 

32.2  ft/sec^ 

R 

- 

53.3  ft/degree 

T 

a 

560  degrees  Rankine 

^   =  pipe  diameter 

=  3.068  Inches 

=  .256  feet 
P-  =  3.723  X  10"'^  slugs/ft  sec 

Then 

T^   ,,  ^    .   (2254)  (.256)  (V)    

Reynolds  Nvimber  =  — ; f-f '■ ^ ^ttt 

(32.2) (53.3) (560) (3.723  X  10  ') 

=  1.61  X  10'^  V 

and       ^^  ^^3  / 

V  =  ^^   s   ^    .  ftVsec 


sec 


Area  "    f^ 


so 


V  =  ^ 


~  D' 


^  '   -u-(.256)^   "   .0515 


so 


Reynolds  Nvtmber  =  1.61  x  10*^  — OsTF" 


=  31250  Q 

Then  from  Pig.  25(a)  of  reference  7  and  Table  AI 

the  average  value  of  coefficient  of  discharge  was  foiind 

to  be; 

C  =  .609 

8=   ^'^^ 
P    3.068 

=  .365 


p 


then 

w  = 


53. 3T 


(.0997) (.609) (1.12)^     f  P  hw 
[1  -  (.365)^J-5         [  53. 3T 

=  .01061   \^Y^ 


where 


P  =  433  inches  HgO 

T  =  560°  R 

w  =  .0213  hw 
The  above  relation  of  weight  flow  and  pressure 
differential  across  the  orifice  is  obtained  by  mgdntaining 
the  air  static  pressure  constant  at  26.5  inches  of  water 
gage  and  the  air  temperature  constant  at  100*^P» 

Thus  a  plot  can  be  made  of  what  differential  pres- 
sure to  set  by  means  of  the  gate  valve  in  order  to  obtain 
any  desired  weight  flow.   Computations  to  accomplish 
this  are  carried  out  in  Table  All  and  the  results  plot- 
ted on  Pigs.  Al  and  A2. 


TABLE     A  I 


COMPUTATION   OP  DISCHARGE  COEFFICIENT 


<^ 

Reynolds 
Nvmiber 

ftVsec 

- 

1 

31250 

2 

62500 

3 

93750 

4 

125000 

5 

156250 

6 

187500 

7 

219000 

p 


•  373 


Discharge 
Coefficient 


•  614 

•  610 

•  609 

•  6085 

•  608 
.6075 

•  607 


Average  =  ,609 


TABLE     A  II 

COMPUTATION   OF  AIR  V.TDIGHT 
PLOW  CURVE 


hw 

hvr 

w 

inches  H2O 

in.H20 

lbs  air/aec 

.5 

.780 

.01544 

1,0 

1 

.0218 

1.5 

1.225 

.02672 

2.0 

1.414 

.03083 

2.5 

1.58 

.03442 

3.0 

1.734 

.0378 

3.5 

1.872 

.0408 

4.0 

2.0 

.0436 

4.5 

2.122 

.0463 

5.0 

2.24 

.0488 

5.5 

2.345 

.0511 

6.0 

2.452 

.0535 

6.5 

2.55 

.0556 

7.0 

2.647 

.0577 

7.5 

2.74 

.0597 

8.0 

2.83 

.0617 

8.5 

2.92 

9.0 

3.0 

9.5 

3.082 

10.0 

3.165 

10.5 

3.242 

11.0 

3.32 

11.5 

3.395 

12.0 

3.47 

12.5 

3.54 

13.0 

3.61 

13.5 

3.68 

14.0 

3.745 

14.5 

3.815 

15.0 

3.88 

15.55 

3.94 

16.0 

4.00 

•  0637 

.0654 

.0672 

.069 

.0707 

.0724 

.074 

.0757 

.0772 

.0787 

.08025 

.0817 

.0831 

.0846 

.0859 

.0872 


FUEL  FLOW  CALIBRATION 

Since  an  orifice  was  made  to  measure  the  fuel 
flow,  it  was  necessary  that  a  calibration  be  made. 

This  was  done  by  placing  a  tank  of  the  fuel  upon 
scales  and  measuring  the  length  of  time  required  to 
burn  a  portion  of  the  fuel,  either  .25  or  .5  lb. 
Pressure  was  maintained  constant  in  the  tank  by  means 
of  heat  applied  with  a  blowtorch. 

Values  obtained  in  this  calibration  are  listed  in 
Table  A  III  and  the  data  are  plotted  as  Fig,  A3, 

This  curve  shows  the  weight  of  fuel  in  pounds  per 
second  that  will  flow  through  the  orifice  when  the  corres- 
ponding differential  pressure  is  held  across  the  orifice 
and  110  lbs/in^  gage  is  the  gas  static  pressure. 


TABLE      A  III 
CALIBRATION   OP  FUEL   ORIFICE 


p 

inches  H2O 

It 

W 

3 

t 
minutes 

Fuel  Flow 
lbs/second 

.4 

•  25 

5.983 

.000696 

.4 

4.386 

.000951 

.8 

4.042 

.001031 

1.0 

4.175 

.001161 

1.2 

3.412 

.001221 

1.4 

3.120 

.001336 

1.6 

2.769 

.001507 

1.8 

2.567 

.001622 

2.0 

2.510 

.001660 

3.0 

2.083 

.00200 

4.0 

1.945 

.00214 

5.0 

' 

1,629 

.00256 

6.0 

1.518 

.002741 

7.0 

.5 

2.592 

.003213 

8.0 

2.413 

.00345 

9.0 

2.308 

.00361 

10.0 

2.250 

.00370 

11.0 

2.142 

.003883 

12.1 

] 

' 

2.042 

.004075 

13.1 
15 
17 
19 


If 


1.958 

.00426 

1.877 

.00445 

1.774 

.00469 

1.587 

.00525 

TABLE  A  IV 

Data  for  Computation  of  Curves  of  constant  fuel/air 

ratio. 

For  Puel/Air  =   .05: 

fuel 
lbs/sec 

.0005 
.0008 
.0011 
.0014 
.0017 
.0020 
.0023 
.0026 
.0029 
.0032 
.0035 
.0038 
.0041 


air 

fuel 

air 

lbs/sec 

P  in.H2  0 

P  in.Hg 

.01 

.15 

.25 

.016 

.475 

.5025 

.022 

.9 

1.0 

.028 

1.4 

1.65 

.034 

2.1 

2.45 

.04 

3.0 

3,4 

.046 

4.2 

4.45 

.052 

5.3 

5.65 

.058 

6.3 

7.1 

.064 

7.4 

8.8 

.07 

8,6 

10.3 

.076 

10.45 

12.05 

.082 

12.15 

^ 

For  Puel/Air   =      .045: 


fuel 

air 

fuel 

air 

bs/sec 

lbs/sec 

P  in.  HgO 

P  in.  Hg' 

.0005 

.0111 

.15 

.252 

.0008 

.01778 

.475 

.65 

.0011 

.0244 

.9 

1.225 

.0014 

.0311 

1.4 

2.025 

.0017 

.0378 

2.1 

3.060 

.0020 

.0444 

3.0 

3.725 

.0023 

.0511 

4.2 

5.475 

.0026 

.05775 

5.3 

7.05 

.0029 

.0645 

6.3 

8.775 

.0032 

.0711 

7.4 

10.675 

.0035 

.0778 

8.6 

12.6 

.0038 

.0845 

10.45 

.0041 

.0911 

12.15 

For  Puel/Air  -   .04: 


fuel 

air 

fuel 

air 

lbs/sec 

lbs/sec 

P  in  PIgO 

P  in  HgO 

.0005 

.0125 

.15 

.33 

.0008 

.020 

.475 

.81 

.0011 

.0275 

.9 

1.575 

.0014 

.035 

1.4 

2.625 

.0017 

.0425 

2.1 

3.83 

.0020 

.05 

3.0 

5.225 

.0023 

.0575 

4.2 

6.950 

.0026 

.065 

5.3 

8.9 

.0029 

.0725 

6.3 

11.1 

.0032 

.080 

7.4 

13.35 

.0035 

.0875 

8.6 

.0033 

.095 

10.45 

.0041 

.1025 

12.15 
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PHOTOGRAPH  1   Appearance  of  Flame 


PHOTOGRAPH  2   Side  View  of  Flame 
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PHOTOGRAPH  3  View  of  Air  Supply  Blower 


PHOTOGRAPH  4  View  of  Mixing  Chamber  and 
Air  Supply  Control  Valve 
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PHOTOGRAPH  5  Fuel  Tank,  Metering  Orifices 
and  Gases 
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PHOTOGRAPPI  6   View  of  Combustion  Tub©  and  3" 
Diameter  Anode  Ring 
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PHOTOGRAPE  7  Electrical  Supply  Apparatus 


PKOTOGRAPII  8  Combustion  Tube,  Flameholder 
and.  6"  Diameter  Ring  Anode 
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PHOTOGRAPE  9  6"  Diameter  Ring  Anode, 

Flameholder,  and  Combustion 
Tube 


PHOTOGRAPH  10  3"  Diameter  Ring  Anode, 

Flameholder,  and  Combustfon 
Tube. 


PHOTOGRAPH  11   3"  Ring  Anode,  Flameholder 

and  Combustion  Tube 
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